The enzymic oxidation of glycolate to glyoxylate and glyoxylate to oxalate by preparations purified from tobacco (Nicotiana tabacum var Havana Seed) leaves was studied. The Km values for glycolate and glyoxylate were 0.26 and 1.0 nmillmolar, respectively. The ratio of glycolate to glyoxylate oxidation was 3 to 4 In crude extracts but decreased to 1.2 to.
Leaf discs of tobacco, in the presence of added glyoxylate, show decreased photorespiration and glycolate synthesis and increased net photosynthesis (13) . In order to understand better how glyoxylate regulates photorespiration, a study of the fate of labeled glyoxylate fed to leaf discs in the light was undertaken. A large amount of the added glyoxylate was transformed into oxalic acid and the enzymic conversion of glyoxylate to oxalate by extracts of tobacco leaves also proceeded readily.
Glycolate oxidase (EC 1.1.3.1) has previously been shown to catalyze the conversion of glyoxylate to oxalate and of L-lactate to pyruvate, as well as the oxidation of glycolate to glyoxylate (4, 11, 17) . Richardson and Tolbert (14) concluded that both glycolate and glyoxylate were oxidized by the same enzyme. The ratio of the two activities may vary with pH but the activity with glycolate as substrate has always been reported to be at least several-fold higher than with glyoxylate. In the tobacco leaf extracts used here, the ratio of glycolate to glyoxylate oxidation changed during purification of the activities. The characterization of the activities was undertaken to determine whether tobacco contains more than one form of glycyolate oxidase or perhaps an enzyme specific for one of the substrates. It was found that the ratio of the activities also changed with 02 concentration and on inhibition by HBA'.
HBA, an acetylenic substrate analog (1) , has been shown to be an ' Abbreviations: HBA, 2-hydroxy-3-butynoate; FMN, flavin mononu- cleotide.
inhibitor of plant glycolate oxidase (9, 10) , but its effect on glyoxylate oxidation has not been reported. The presence of multiple enzymes for the oxidation of glycolate in plants has been described (2, 6, 8) The conversion ofglycolate to glyoxylate and glyoxylate to oxalate was measured in reaction mixtures (usually 0.2-0.5 ml total volume) consisting of 10 mm K-phosphate (pH 7.5), 20 imn glycolate or glyoxylate, and enzyme equilibrated in 50 mm K-phosphate (pH 7.5). Samples of the reaction mixture (0.1 ml) were pipetted into tubes containing 0.02 ml 0.4 N H2SO4 at zero time and at 5-10 min intervals. The precipitated protein was removed from the acid-treated sample with a microfilter apparatus (Schleicher and Schuell, Inc.) containing a 0.20 ,um membrane. The reactants and products of the assay mixture were separated by HPLC on a Perkin-Elmer Series 3B Liquid Chromatograph (Fig. 1) . Peak areas, determined with a Hewlett-Packard 3390A Integrator, were converted to nm concentrations for the products of the enzymic reaction. The rate of the reaction was linear for at least 10 min. The definition of a unit of activity, used here, is the amount of enzyme catalyzing the formation of 1.0 pmol of the appropriate product (glyoxylate or oxalate) per min. Enzyme assays usually contained 10 to 15 munits of activity.
A second method of assay, based on 02 uptake in Warburg vessels (17) , was used to confirm the validity of the HPLC method. A third type of assay, used primarily during purification of the enzyme, was based on the spectrophotometric measurement of the reduction of 2,6-dichlorophenolindophenol (16) . This method could not be used for the crude enzyme extract because of interfering reactions. The conversion factor of a decrease in absorbance of 0. 1/min being equivalent to 1.5 td of 02 uptake in 10 min (16) was used to compare the various methods of assay.
Preparation of Enzyme. Mature leaves were cut from greenhouse-grown tobacco (Nicotiana tabacum var Havana Seed), washed with a dilute soap solution, rinsed with tap water, and the cut ends placed in a beaker of water for 15 to 30 min. The leaves were blotted dry, the midribs removed, and the lamina weighed into 30-g portions. The leaves were cut into strips (-2.6 cm wide) and frozen in a large mortar with liquid N2. The frozen pieces were ground by hand into a fine powder; additional liquid N2 was added, if needed, to prevent thawing. The 
lAS, 2AS, or A-15 (lAS) fractions upon addition of FMN (data not shown).
In contrast, the enzyme from spinach requires FMN for full activation (17) . When the A-15 (lAS) enzyme preparation from tobacco was precipitated with (NH4)2SO4 under acid conditions (see "Materials and Methods"), no activity could be detected unless FMN was added. The ratio of glycolate to glyoxylate oxidation was essentially unchanged, but the restored activity was only 15% of the original. With other flavin enzymes such as lactate oxidase (3) and glycolate oxidase from spinach (6) , as much as 85 or 95% of the activity could be restored. These results indicate that, for the tobacco enzyme, either the removal of FMN from the holoenzyme results in structural change or that the apoenzyme is labile.
Characterization of Glycolate and Glyoxylate Oxidation: Ki, pH Optimum. The kinetic parameters were determined for enzyme from the agarose A-15 (lAS) fraction by the HPLC assay. For both activities, there was a broad pH optimum, with glycolate between 7.5 and 8.0 and with glyoxylate between 7.3 and 7.8. Tolbert et al. (15) reported a pH optimum between 7.8 and 8.6 for glycolate, and pH 7.7 for glyoxylate for enzyme from tobacco leaves. These determinations and all other data reported in this paper were done in phosphate buffer which may have a stimulating or protective effect, since enzyme prepared in the absence of phosphate had much lower activity. Other ions, such as borate or Tris, were inhibitory to varying degrees. The Km for glycolate, at pH 7.5, was 0.26 mm in good agreement with some previous Km values, e.g. 0.38 mm for enzyme from spinach (17) , 0.25 mm for enzyme from peas (12) . For glyoxylate, however, the Km of 1.0 mm was lower than other reported values, e.g. 5 (0) and glyoxylate (A) oxidation as a function of 02 in the atmosphere. Enzyme and 30 mmol K-phosphate buffer (pH 7.5) were added to the main compartment (total volume, 0.6 ml) of Warburg flasks and either glycolate or glyoxylate (0.1 ml, 10 mmol) was added to one of the side arms. The second side arm was fitted with a rubber septum through which samples were withdrawn for assay. Each pair of vessels, one with glycolate and one with glyoxylate, were shaken and gassed for 10 min at 30°C with one of the following gasses: N2, 5% 02 in N2 air, or 100% 02. The stopcocks were then closed and the substrate tipped in. Samples (0.1 ml) were withdrawn with a hypodermic syringe at 1,5, 10, 15, and 20 min and immediately pipetted into test tubes containing 0.01 ml 0.4 M H2SO4. The samples were assayed by HPLC according to the procedures described in "Materials and Methods." The rate of glyoxylate or oxalate production was determined during the period of constant rate. A separate experiment under N2 with [1l-4C]glyoxylate (0.2 ACi) in addition to the unlabeled glyoxylate was carried out. The radioactive product, oxalate, was isolated and its identity confirmed as described in "Materials and Methods." doubtedly some dissolved 02 was present since oxalate formation under these conditions was verified by the procedure described in "Materials and Methods." (b) The flattening of the curve at high 02 concentrations is not due to the inhibition of the reaction by the oxalate produced since the point at 100% 02 is determined from several samples taken at various times and thus with very different concentrations of oxalate present.
Inactivation of Glycolate and Glyoxylate Oxidation by HBA. The effect of this compound on the oxidation of glycolate and glyoxylate is shown as a semilog plot in Figure 3 . The inactivation is clearly complex and does not follow pseudo first-order kinetics. A similar type of inactivation curve for glycolate oxidase from peas was observed by Jewess et al. (10) . They, however, studied the inhibitory effect of the compound only on glycolate oxidation. It is obvious from Figure 3 that glyoxylate oxidation is more sensitive to the inhibitor than is glycolate oxidation. The values for t1/2 calculated from curves such as those in Figure 3 are summarized in Table II . In all cases, ti/2 with glyoxylate as substrate was significantly lower than with glycolate as substrate. The second-order rate constants calculated from t1/2 inactivation of glycolate and glyoxylate oxidation by HBA are also given. A second experiment was designed to determine if preincubation with substrate could prevent inhibition by HBA (Table III) Figure 3 and Table II Plant Physiol. Vol. 71, 1983 exhibits the behavior with respect to 02 reported previously for glycolate oxidase (6) .
The physical separation of two activities has not yet been achieved. The electrophoresis of the enzyme on polyacrylamide gels was unsatisfactory and, even under a number of altered conditions of pH and buffer composition, the migration of the protein was minimal (data not shown). Activity with both glycolate and glyoxylate could be detected on the gel but the electrophoretic pattern streaked. Grodzinski and Colman (8) partially separated two bands of protein showing activity with glycolate but could detect no activity with glyoxylate as substrate.
The reaction sequence for flavin-containing enzymes is very complex, and the detailed reaction mechanism of plant glycolate oxidase has not been studied. Conclusions drawn in this paper on the oxidation of glycolate and glyoxylate, and by others, are based on the assumption that glycolate oxidase resembles closely such other flavin-enzymes as lactate oxidase. Such an assumption may have to be modified, but until such time, the most logical hypothesis to account for the observations presented here is that there are at least two enzymes capable of oxidizing glycolate and glyoxylate present in tobacco leaves.
